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It is well known that cells rendered non-viable by ultra-violet or x- 
irradiation! * * may at times regain their viability if stored under suitable 
conditions after irradiation. In the case of microorganisms the criterion 
for viability is usually the ability to form a colony on a solid medium. 
By recovery is meant the restoration of the ability of an irradiated micro- 


organism to grow and form a colony. 

Little is known about the mechanisiu of the recovery phenomenon; 
experimental results reported in the literature have been extremely variable. 
Moreover, at best only a small percentage of the cells rendered non-viable 
in an irradiated population recover their viability—-that is, the over-all 
recovery is usually relatively slight. 

During a study of antibiotically active mutants in actinomycetes* we 
observed that the per cent survival of ultra-violet irradiated Streptomyces 
griseus ATC3326 (a non-streptomycin producer) conidia increased about 10- 
fold when irradiated suspensions were stored one or two days following ir- 
radiation. So little was known about the recovery phenomenon, with 
which our observation was obviously connected, and the implications of 
this phenomenon to genetics, medicine, and cellular physiology seemed so 
important to us, that an intensive study of recovery from irradiation was 
initiated. 

Since observers have found recovery to take place when irradiated cells 
are stored in the cold,* and since our own first observations were made on 
suspensions which had been stored in the ice box, the first study was one on 
effect of temperature. It was soon clear that recovery was not dependent 
on storage in the cold. However results were extremely variable even in 
duplicate experiments; for example, one suspension of ultra-violet ir- 
radiated spores showed no recovery upon storage at 35°C., while another 
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suspension prepared from the same lot of spores and irradiated in exactly 
the same way, showed a 100,000-fold recovery. Some variable factor 
seemed present in our experiments which overshadowed in importance the 
effect of temperature per se on recovery. Careful consideration was made 
of variable factors which might have accounted for such tremendous varia- 
tion. We were using a glass-fronted water bath placed on a table near a 
window, in which were suspended transparent bottles containing the ir- 
radiated spores. The fact that some of the bottles were more directly ex- 
posed to light than others suggested that light might be a factor. More- 
over, the greatest and most consistent recovery in our preliminary experi- 
ments had taken place in suspensions stored in transparent bottles at room 
temperature on an open shelf exposed to diffuse light from a window. 
Experiment showed that exposure of ultra-violet irradiated suspensions to 
light resulted in an increase in survival rate or a recovery of 100,000- to 
£00,000-fold. Controls kept in the dark (experiments were made between 
15°C. to 37°C. only) showed no recovery at all. 

The magnitude of the light effect can hardly be overemphasized. The 
recovery was so much more complete than any previously observed, that 
we felt we were dealing here with a key factor in the mechanism causing 
inactivation and recovery from ultra-violet irradiation. 

Methods.—The ultra-violet source was a General Electric 15-watt 
germicidal lamp, SO per cent of whose ultra-violet radiation was at 2537 A. 
The spores of S. griseus AT C3326 were suspended in saline or distilled water 
and irradiated in a thin layer in an open petri dish placed under the ultra- 
violet source. The suspension was shaken gently during irradiation. 
Preparation of spores, irradiation, and assay for viable count were otherwise 
similar to those described previously.* > Following ultra-violet irradiation, 
the spore suspensions were placed in glass bottles or test tubes and sus- 
pended in a thermostatically controlled glass-fronted water bath. Visible 


light illumination from various sources as described under individual ex- 
periments was directed against the suspension The light passed through 
two glass thicknesses, and about '/s cm. of water, before reaching the ultra- 
violet irradiated cells. Filters were used in later experiments as described 
below. Counts were made of the viable cells in a suspension by plating on 
nutrient agar and incubating 3 days at 28°C. Ultra-violet treated cells 
which were to be kept in the dark were placed in a covered can suspended in 


the water bath. 

Effect of Dosage of Ultra-Violet Light on Recovery.—Conidial suspensions 
were irradiated with ultra-violet at 60 cm. distance from the lamp (in- 
tensity about 960 ergs X min.~' KX mm.~*) for periods indicated in table 1. 
Immediately after irradiation the suspension was divided into two por- 
tions, one of which was kept as a dark control, and the other exposed to 
light from a window about 2 feet away. In this early experiment the 








VoL. 35, 1949 BACTERIOLOGY: 


x 
= 
© 


visible light source was 
not controlled, the sus- 
pensions being in the 
dark at night, and sub- 
ject to variation in light 


OF SUSPENSION 
MAXIMUM 

SURVIVAL RATE 
145-fold 
8,200-fold 
10,000-fold 
>64,000-fold 
>72,000-fold 


intensity during the day. 
However this experiment 
shows well the consistent 
recovery which occurred 
only in the light. Non- 


1.9 X 104 
1.6 X 104 


ultra-violet treated con- 
trols were little affected 
by visible light, there 
being if anything a de- 


{6x 103 
7 X 104 
5.8 < 104 


9 


crease in the count in 


NUMRER OF VIABLE CELLS PER ML. 


HT (1) AND IN DARK (D) 


the light-exposed tubes. 
In no case did the tubes 
of ultra-violet treated 
cells kept in the dark 
show significant recov- 


LIGHT. 


3 xX 105 
1.1 x 104 
4.4 X 108 


5. 
2.0 < 105 


1.9 X 10 
3.9 X 104 
2.9 X 104 


1 


ery, while in all cases 
the light-exposed tubes 


TABLE 


showed recovery varying 
from 14- to over 72,000 


3x 104 
4.3 X 105 
5 & 105 
4X 10% 
3.6 X 104 


1 
, 
7 


fold according to ultra- 


violet dosage in this ex- 


SUBSEQUENT TO ULTRA-VIOLET IRRADIATION 





periment. If the decrease 
in count of the non- 


aT 35° 


ultra-violet irradiated 


4.9 X 103 
1.6 * 105 
1.8 X 105 


 - 


4X 105 
4.9 * 105 


suspension exposed to 


TIME 


light is taken into ac- 


U 
< 
a 
-4 
4 
Z. 
% 
- 


count it is seen that 
in the 4-minute experi- 
ment the recovery is 
complete by the fifth 
day, the count in the 


4.0 X 10¢ 


ultra-violet irradiated 
suspension (1.8 X_ 10°) 
equaling that of the non- 
ultra-violet irradiated 
suspension (1.7 X 10°). 
Effect of Intensity and 
Duration of Visible Light 


77 
os 
Z. 
) 
o 
> 
s) 
oy 
% 
Zz 
Zz 
< 
< 
Ps 
% 
= 
- 
1 
< 
C4 
~ 
Z 
<) 


ULTRAVIOLET 
TREATMENT 





76 BACTERIOLOGY: A. KELNER Proc. N. A. S. 


Illumination.—A conidial suspension was irradiated with ultra-violet for 
1'/y minutes at 20 cm. distance from the mercury lamp. Immediately after 
irradiation it was placed in a 28°C. water bath and exposed to as high an 
intensity of artificial light as was conveniently possible to obtain in our 
laboratory (two photoflood lamps and light from a projection lantern, all 
placed about 30 cm. from the cells). Table 2 shows the extent of recovery 
after various time periods. The temperature of the cell suspension did 
not rise more than 2 degrees during the illumination. Recovery is pro- 
portional to duration of illumination, within limits. 


TABLE 2 
EFFECT OF DURATION OF VISIBLE LIGHT ILLUMINATION ON RECOVERY 
ILLUMINATION VIABLE CELLS RELATIVE 
TIME, PER ML, OF INCREASE IN 
MIN, SUSPENSLON SURVIVAL RATE 
ao ; 
2.5 X 10° 1,000-fold 
2 X 10° 3,700-fold 
3 xX 105 52,000-fold 
6 xX 108 64,000-fold 
. 105 80,000-fold 
, 105 210,000-fold 
105 220,000-fold 
105 310,000-fold 
240 : x 10 320,000-fold 


* The count of the non-ultra-violet irradiated suspension was 4.2 * 10,6 so that the 


survival rate at time zero was 6.0 * 10 


TABLE 3 
EFFECT OF TEMPERATURE ON RATE OF RECOVERY. ILLUMINATION PERIOD CONSTANT 


VIABLE CELLS PER ML. AT VARIOUS TEMPERATURES— corneas 
20°C 25°C. 30°C 35°C. 40°C. 
Exo. 1* 9.6 X 103 3.9 * 104 3.6 X 10! 1:0 << 10° 1.1 X< 104 
Exp. 2 : : Bat Pot 2.3 X 105 
45°C. 50°C. 55°C. 60°C, 
Exp. 1* : eine ae 
Exp. 2f 2.4 X 105 3.3 X 10° 2.9 X 105 2.2 X 105 
* Exp. 1: Count of non-ultra-violet irradiated control was 8.0 & 105 per ml. Count 
of ultra-violet irradiated suspension before illumination was <10 per ml. 
7 Exp. 2: Count of non-ultra-violet irradiated control was 2.2 * 10° per ml. Count 


of ultra-violet irradiated suspension before illumination was <10 per ml. 


In another experiment (with different light source) a 3-fold recovery was 
observed after as little as 2 minutes of illumination, and 810-fold after 4 
minutes. An experiment in which the duration of illumination was con- 
stant, but the intensity varied, showed that the rapidity of recovery was 
proportional to intensity, within limits. 

Tem perature.—In subsequent experiments there was employed a uniform 
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artificial light source consisting of a slide projection lamp containing a 500- 
watt Mazda projection bulb. The outer lens of the lamp was placed about 
5 cm. from the cells, in order to obtain as intense an illumination as possible. 
A conidial suspension was irradiated 1'/. minutes at 20 cm. from the ultra- 
violet lamp. Table 3 shows the effect of temperature on the rapidity of 
recovery, the visible light illumination being kept constant at 10 minutes. 
An independent ultra-violet irradiation was made for each temperature 
determination; this may partially account for some of the variability in 
the results. It is seen that the rate of recovery increases with rise in tem- 
perature up to about 50°C. 

Ultra-violet irradiated suspensions could be kept at 5°C. in the dark for 
up to 4 hours without interfering with subsequent recovery when illumi- 
nated. 

The knowledge furnished by the experiments just described enabled us 
to induce over 100,000-fold recovery with a high degree of reproducibility, 
by illuminating ultra-violet irradiated suspensions with a light source as 
described for 20 to 30 minutes at 37°C. 

The light source used by us emitted infra-red as well as visible light. 
Since considerable work has been done on the effect on mutation and 
chromosomal rearrangements of pre- and posttreatment of x- or ultra- 
violet irradiated cells with near infra-red,® 7 * it was of importance to de- 
termine the comparative effect on recovery of the infra-red and visible 
components of our light source. Suspensions illuminated with light in 
which the infra-red had been eliminated by a filter? consisting of a 3.2-cm. 
deep cell containing 0.5 N CuCl aqueous solution, recovered almost as 
much as controls with no filter. This filter absorbs some of the visible red, 
as well as the infra-red. On the other hand, interposition of a filter con- 
sisting of a 3:2-cm. deep cell containing a saturated solution of I, in CCl, 
which eliminates most of the visible light and passes the infra-red* ° re- 
sulted in no recovery at all. , There was moderate recovery when an I,-CCl, 
filter 1 cm. deep was used, but use of this filter was not a critical test, fora 
considerable portion of the visible light passed through this filter. These 


simple experiments do not of course exclude the possibility that infra-red 
illumination of sufficient intensity will not induce recovery; they do show 


that the most active component of our light source was the visible light. 
6, 7, 8 


One of the main features of the infra-red-ultra-violet, or -x-ray studies, 
is that pretreatment with infra-red has a marked effect on the behavior of 
cells to subsequent irradiation with ultra-violet or x-rays. We therefore 
illuminated conidial suspensions of S. griseus with visible light before ir- 
radiating with ultra-violet. There was no increase whatever in the sur- 
vival rate on subsequent irradiation with ultra-violet. 

The magnitude of the recovery phenomenon made it imperative to make 
sure that it was not due to some experimental artifact, such as declumping 
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of clumped cells; and to ascertain whether the effect of visible light was on 
the menstruum rather than on the cells themselves. 

Elimination of clumping and declumping as a factor was shown by ex- 
periments where ultra-violet and subsequent visible light irradiation was 
done on cells which had first beer: smeared on the surface of nutrient agar 
plates. Light-induced recovery occurred as usual. 

That recovery was not due to a stimulation of germination in cells which 
had a long lag phase due to ultra-violet irradiation, was shown by the fact 
that prolonged incubation of plates which had been seeded with irradiated 
cells never disclosed the presence of slow-growing colonies. The maximum 
number of colonies was always reached after 3 days of incubation. 

There was a possibility that the killing effect of ultra-violet light on S. 
griseus was due chiefly to ozone dissolved in the menstruum from the air, 
or to peroxides or other compounds formed in the menstruum by the ultra- 
violet light. If these toxic compounds rendered cells non-viable, then their 
elimination by decomposition by visible light, might allow cells to germi- 


nate and form colonies—i.e., recover. 

Numerous experiments were made to detect a possible unusual sensitivity 
of S. griseus to the ultra-violet irradiated menstruum, with negative results. 
Air from the vicinity of the mercury lamp was bubbled for one hour through 
a suspension of cells, with no sign of toxicity. Sterile nutrient agar plates 


were irradiated for one hour, then inoculated with spores with no sign of 
more than a negligibly lower count than controls. Non-irradiated spores 
were added to suspensions of irradiated spores to see whether substances 
given off by irradiated cells might be toxie to non-irradiated cells with 
negative results. Any toxicity that was observed in these experiments 
never resulted in more than about 20 per cent killing, whereas ultra-violet 
irradiated cells under the conditions of our recovery experiments had usu- 
ally a survival of the order of | & 107°. 

Discussion.—The evidence presented suggests that in visible light we 
have a factor which uniformly, reproduceably causes the recovery of many 
of the cells which had been rendered non-viable by ultra-violet irradiation. 
The action is probably directly on the cells rather than on the menstruum, 
and there was no evidence of any experimental artifacts being involved. 
The magnitude of the effect makes it likely that a key factor in the lethal 
effect of ultra-violet light is being affected by the visible light. Whether 
or not light-induced recovery bears a relation to other types of recovery 
previously recorded is diflicult to say. All such studies, as well as studies 
on ultra-violet induced mutation must be evaluated on the basis of whether 
light-induced recovery has played a part. There can be no doubt that the 
latter is at least partly responsible in some cases for the notorious variability 
of ultra-violet-mutation studies. 

That the phenomena described here are not confined to actinomycetes 
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only is suggested by observations in the older literature (summarized in 
the review by Prat!) of the antagonism to ultra-violet light of radiations 
of other wave lengths. These observations were usually made on cells or 
tissues irradiated by a mixture of wave lengths as compared to monochro- 
matic irradiations, but consistently showed that the biological effect of 
ultra-violet light was diminished by simultaneous irradiation with visible 
or infra-red light. Since such effects were usually slight,!! these older ex- 
periments are hard toevaluate. They, as well as other chemical and physi- 
cal evidence of antagonism of ultra-violet and other light (also summarized 
by Prat!®), suggest the phenomenon may be a general one. 

While it is premature to do more than speculate on the mechanism in- 
volved in light-induced recovery, the following is suggested as a working 
hypothesis. Much of the killing effect of ultra-violet light is due to a light- 
labile alteration of some constituent in the cell. Exposure to visible light 
restores this altered constituent to its former state. 

The powerful action of light on the resuscitation of the ultra-violet treated 
cell leads us to hope that further study of this phenomenon may yield clues 
leading to the discovery of factors causing similar recovery from x-irradia- 
tion of irradiation from radioactive materials. There is thus the possibility 
of at least a partial physiotherapy of radiation injury. 

Of great importance is the relation of recovery to the mutagenic action 
of ultra-violet light. Work is in progress on light-induced recovery in the 
various microbial groups, such as bacteria, yeasts, fungi, and bacteriophage, 
and on the genetic aspects of light-induced recovery in microorganisms. 

Summary.—Ulumination with visible light will induce the recovery or 
the regaining of viability of ultra-violet irradiated conidia of the actino- 
mycete, S. griseus ATC 3326. The light-induced recovery phenomenon is 
reproduceable and uniform and results in as high as a 400,000-fold increase 
in number of survivors in an ultra-violet irradiated suspension. The char- 
acteristics of the phenomenon are described, and its significance discussed. 


* This study was aided by a grant from Schenley Laboratories, Inc. 
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THE MODE OF ACTION OF THE METAL-PEPTIDASES* 
By Emit L. Smitu 


LABORATORY FOR THE STUDY OF HEREDITARY AND METABOLIC DISORDERS, AND THE 
DEPARTMENTS OF BIOCHEMISTRY AND MEDICINE, UNIVERSITY OF UTAH SCHOOL OF 
MEDICINE, SALT LAKE CITY 


Communicated by Henry Eyring, December 30, 1948 


In 1926, Von Euler and Josephson! found that while a peptidase prepa- 
ration from intestinal mucosa readily hydrolyzed glycylglycine, the N- 
acylated peptide was resistant to the enzyme. They concluded that a 
free amino group was required for the action of the enzyme and proposed 
“the diaffinity theory’’ which postulates that the hydrolysis of peptides 
takes place by a combination of the enzyme with the amino group of the 
substrate and at the peptide linkage to be split. With the later classi- 
fication of dipeptidases, aminopeptidases and carboxypeptidases, the 
diaffinity theory (or polyaffinity theory) was extended to these enzymes, 
and, as the nomenclature suggests, the free polar groups required in the 
substrate were identified as essential for binding by the enzyme. ; 

This simple scheme which was developed about 20 years ago has re- 
quired two important modifications. First, it has now been conclusively 
demonstrated that the peptidases require for their action more than free 
polar groups in the substrate; that is, there are specific side-chain con- 
figurations which are also essential for the enzymatic action.* Thus, 
there has been identified leucine aminopeptidase, glycylglycine dipeptidase, 
etc. The second, and for present considerations the more important 
development, is that most of the well-characterized exopeptidases have 
been shown to be metalloproteins* “*® in which the metal is usually 
quite specific and essential for the enzymatic action. 

In this paper, we propose to show how the metal functions in forming 
the enzyme-substrate complex, and why the formation of this complex 
must occur at two or more points for the hydrolytic action of the pep- 
tidases. While the theory of enzymatic action developed here has been 
considered primarily for certain peptidases, it undoubtedly will be 
applicable to other enzymes particularly those which exert a hydrolytic 
action. 

Theory of Peptidase Action.—The theory to be considered rests on three 
primary postulates: first, that the formation of an enzyme-substrate 
complex (‘‘the activated complex’’) consists in the formation of a com- 
pound with definite chemical bonds; second, that in the metal-containing 
peptidases, at least two of these bonds between the substrate and the 
enzyme are formed through the metal; additional linkages or points of 
attraction may exist through the metal or directly between the substrate 
and the protein moiety. Third, the two linkages formed between the 
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metal and the substrate must be on opposite sides of the peptide bond. 
These two linkages (together with those which involve the protein directly), 
because of their great strength, produce an electronic distortion at the 
peptide bond; this labilization (decrease in energy of activation) permits 
the usual catalytic hydrolysis of the linkage by hydrogen and/or hydroxyl 
ions. It will be shown that there is considerable evidence which supports 
these postulates. 

The Enzyme-Substrate Complex.—Ever since the promulgation of the 
Michaelis-Menten concept, considerable kinetic data have been amassed 
which demonstrates that the enzyme must form a complex with its sub- 
strate. In recent years, direct physical evidence has been obtained which 
shows that a definite chemical bonding takes place. The observation of 
Keilin and Mann’ that peroxidase forms a complex with hydrogen peroxide 
which can be observed spectroscopically has been used by Chance® to 
elucidate the mechanism ofthis reaction. It has now also been demon- 
strated by Chance® that catalase likewise forms a definite intermediary 
complex with hydrogen peroxide. Thus, for two enzymes which are 
metalloproteins, the spectroscopic and other evidence indicates a binding 
of the substrate by the iron in the prosthetic group. 

That the binding occurs through definite chemical bonds is also evident 
from the properties of most of the metal-complexes which are formed 
with simple substances. It is well known that these ‘‘Werner complexes’”’ 
are extremely stable and show little or no tendency to ionize in aqueous 
solution. The soluble compounds formed by calcium or magnesium 
with polycarboxylic acids are also a case in point. A striking, though 
not unexpected, demonstration of this is given in a recent paper by Neuberg 
and Mandl’® where it is reported that in the presence of amino acids, 
many metals such as Zn, Cu, Mn, Fe, etc., cannot be precipitated as in- 
soluble sulfides. Thus, the complexes formed by the amino acids and 
the metals must consist of firm chemical bonds. The implications for 
complex formation of peptides and proteins with metals is obvious. Here, 
where chelate rings can be formed, a greater stability is possible. This 
is particularly evident with divalent cobalt where the most stable com- 
plexes are with compounds in which five-membered rings are formed. 

Linkage of Substrate and Enzyme through the Metal—In many peptidases 
and other enzymes, the metal is loosely and reversibly bound to protein 
since the metal may be removed by dialysis or certain purification pro- 
cedures. The recombination of metal and protein has been shown to 
follow the usual mass law equilibrium.‘ With many enzymes the restora- 
tion of the full activity by the addition of metal ions is a slow reaction.* 
Obviously, complex formation of the metal and the protein must be oc- 
curring. This has been found with leucine aminopeptidase, prolidase, 
glycyl-L-leucine dipeptidase, and carnosinase; it has also been observed 





82 BIOCHEMISTRY: E. L. SMITH Proc. N. A. S. 


for the non-proteolytic enzymes, arginase and phosphatase.'! Recently, 
it was found that pancreatic carboxypeptidase is a metal-protein as shown 
by its inhibition with the usual metal poisons. In this enzyme, the metal, 
which is presumably magnesium, is so firmly bound that it cannot be 
separated from the protein by any mild procedure." 

With all these peptidases, removal of the metal or combination of the 
metal with an inhibiting agent prevents the enzyme activity. Thus, the 
metal is absolutely essential for the enzyme action. The vague concept 
of ‘activation by metal ions’’ should be replaced by the full recognition 
of these enzymes as metalloproteins. 

The requirement of the exopeptidases for substrates which contain 
free polar groups suggests that these polar groups combine, through com- 
plex formation, with the metal of the enzyme. It has already been in- 
dicated that with glycylglycine dipeptidase which requires cobalt for its 
activity, there is a marked parallelism between the ability of the enzyme 
to hydrolyze the substrate and the ability of Co*+*+ to form a coordination 
compound with the substrate.» ® Co*++ combines with glycylglycine 
through the nitrogen of the free amino group and the nitrogen of the 
peptide bond as indicated by the resistance of dimethylglycylglycine and 
glycylsarcosine to hydrolysis by the enzyme, and by the failure of these 
compounds to coordinate with Co*+*. A detailed description of these 
results has already been presented. It cannot be decided from the present 
evidence whether the essential free carboxyl group combines with the 
enzyme through the protein or through the metal. Nevertheless, it must 
be emphasized that the metal combines with at least two points on the 
substrate, and that these are on opposite sides of the sensitive bond. The 
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' 
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NH:—CH,C—!NH—CH,COOH 
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arrows indicate the points of combination; the dotted line is where cleavage 
occurs. Compounds like glycine which are unable to form a chelate com- 
plex with Co*++ form a much weaker compound as indicated by the much 
smaller influence of glycine on the absorption spectrum of Cot+* as com- 
pared with the complex of Co*+* and glycylglycine. The weak combina- 
tion of glycine with Cot* suggests that once hydrolysis of the peptide 
bond occurs, the two glycine fragments will readily be displaced by the 
dipeptide for which the Co*+* has a higher affinity. 

With carboxypeptidase, a somewhat different situation occurs. Here 
magnesium is the metal. The enzyme is inhibited not only by cyanide, 
sulfide and cysteine, but also by agents which are fairly specific in binding 
with magnesium such as citrate, oxalate, pyrophosphate and orthophos- 
phate.!§ The substrates of carboxypeptidase do not contain a free amino 
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group but do have a free carboxyl group. Moreover, a peptide hydrogen 
is not required as indicated by the slow enzymatic splitting of carbo- 
benzoxy-L-tryptophyl-L-proline and, even more dramatically, by the 
rapid hydrolysis of an ester bond in the compound hippurylphenyllactic 
acid.'® With this enzyme, chelate complexing of the magnesium must 
occur through the carbonyl group (or its enol form) at the sensitive bond 
and with the ionized carboxyl group, as shown for an acylated dipeptide. 


R? ; R’ 


| 
Acyl—-NH—CH—C—; a 
} 3 


Oo} 

t 
Again, the arrows indicate the points of metal combination and the dotted 
line the sensitive bond. In contrast to aminopeptidases, glycylglycine 
dipeptidase and probably other dipeptidases, the metal in carboxypeptidase 
does not combine with nitrogen at all. 

That a chelate complex is formed by the magnesium of carboxypeptidase 
and the substrate is suggested by two lines of evidence. First of all, 
magnesium is known to form strong complexes of chelate character with 
dicarboxylic acids and other compounds. Secondly, quantitative studies 
of the inhibition of carboxypeptidase show that for each active enzyme 
center, there is combination with one orthophosphate, one sulfide, or two 
cyanide ions.!* Thus, with this metal which can form four bonds, two 
codrdinate and two of covalent character, there are two valences available 
for combination with the inhibitor, and presumably two are strongly 
linked with the protein. Carboxypeptidase apparently contains sulf- 

PROTEIN PROTEIN PROTEIN 
oe A 5, ae 
Mg Mg Mg 
no | | 
CN- CN- Ss” HPO," 
hydryl groups as shown by the strong inhibition of the enzyme produced 
by iodoacetate and by traces of heavy metals such as Cut and Pb*t. It 
is reasonable to suppose that in the absence of substrate or inhibitor, two 
valences of the magnesium are tightly bound to unknown groups of the 
protein, and two are loosely bound to sulfhydryl groups. In the presence 
of inhibiting ions, the two loosely bound valences are reversibly bound to 
the inhibitor. In the presence of a suitable substrate, the loose combi- 
nations with the protein are displaced by the substrate for which the metal 
must have a much greater affinity. It is apparent that this hypothesis 
for carboxypeptidase is somewhat similar to the explanation of the proper- 
ties of hemoglobin where of the six available bonds of the iron, four are 
coérdinated to the nitrogens of the pyrrol rings, one is tightly bound to 
imidazole nitrogen, and one is loosely bound to imidazole; it is the last 
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linkage which is displaced by molecular oxygen or carbon monoxide. It is 
unnecessary to recapitulate here the excellent evidence which has been 
adduced in developing our knowledge of the properties of hemoglobin.'® 
Nevertheless, this oxygen-binding protein serves as a model for the com- 
pletely analogous situation which must occur with the metal-enzymes. 
Carboxypeptidase hydrolyzes carbobenzoxyglycyl-L-tyrosine about 
20,000 times more rapidly than it does the dipeptide glycyl-L-tyrosine.!” 
On the basis of our postulates, it is possible to explain why the free amino 
group renders the dipeptide so much more resistant to the hydrolytic 
action of the enzyme. Magnesium combines very readily with free amino 
groups, and functions as the metal in such enzymes as leucine amino- 
peptidase. With the dipeptide, carboxypeptidase will have a greater 
tendency to coérdinate with the amino group and the adjacent carbonyl 
group as in A than with the carbonyl and the carboxyl as in B. It is 
evident that codrdination with both the amino and carboxyl group as in 
C would give a compound in which no large electronic effect would be 
exerted at the peptide bond. It would be expected that an equilibrium, 
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preponderantly in favor of A, would exist between the two complexes A 
and B (or A, B and C). According to our theory, there would be no 
hydrolytic action involved in A since the two bonds are on the same side 
of the molecule with respect to the sensitive peptide linkage. Only B 
would be subject to hydrolytic action since the structure is the same as 
that postulated for the combination of the acylated dipeptide with the 
enzyme, 

Bergmann'’ and his collaborators have already shown how the poly- 

affinity theory helps to explain the optical specificity of the peptidases. 





VoL. 35, 1949 BIOCHEMISTRY: E. L. SMITH 85 


He postulated that ‘‘the polar groups of the enzyme act on the polar 
groups of the substrate and force the latter to assume a definite spatial 
position.”” With a compound containing an unnatural amino acid of the 
D configuration, it was assumed that the large side-chain ‘“‘lies between 
the enzyme and the decisive atomic groups of the dipeptide and prevents 
the enzyme from approaching the substrate.” 

With the added knowledge which is now available that the binding of 
the substrate occurs at least in part through the polar groups of the sub- 
strate to the metal of the enzyme, it is possible to give a more precise 
formulation of the optical specificity requirements of the substrates and of 
inhibitors of carboxypeptidase. This enzyme has strong points of combi- 
nation not only through the metal to the polar groups of the substrate 
but also with the side-chain of the amino acid residue which bears the free 
carboxyl group. The affinity of this side-chain is greatest for compounds 
which contain an aromatic ring, phenylalanine, tyrosine and tryptophane, 
less for those with large aliphatic residues, leucine and isoleucine, and still 
less for alanine and glycine.'? We must then suppose a definite spatial 
relationship for the enzyme in which the substrate, an acylated dipeptide, 
containing L amino acids, must fit. 
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The outline indicates a schematic representation of the surfaces of the 
protein. There are at least four important points of attraction, the two 
valences of the metal which bind the essential carbonyl and, carboxyl, and 
the two specific protein centers which attract R’ and R”. At the present 
time, the nature of these last two portions of the protein molecule is un- 
known. However, R” is of minor importance, since variations in the 
nature of R” have only a relatively small influence on the rate of hydrolysis 
of the compound. For example, the rate of hydrolysis of carbobenzoxy- 
L-tryptophylglycine is only three times the rate of hydrolysis of carbo- 
benzoxyglycylglycine.'* The tremendous influence of R’ is shown by 
comparison of the rate for carbobenzoxyglycyl-L-tryptophan which is 
about 2000 times greater than that of carbobenzoxyglycylglycine. The 
protein center which attracts R’ must, therefore, have a tremendous affinity 
for the side-chain R’. Compounds which contain p amino acids at either 
R’ or R” are not hydrolyzed by the enzyme.'* !° Thus, the four known 
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centers of attraction or binding in the enzyme must have a fixed spatial 
configuration. 

The chelate ring which is formed by the magnesium helps to explain 
the high affinity of the enzyme for its substrates. Compounds which do 
not form a chelate ring with the magnesium must have a much lower 
affinity with the enzyme. This explains why L amino acids do not possess 
any marked ability to inhibit this enzyme. It also explains the high 
turnover rate of this and other peptidases. Since the products of the 
hydrolytic reaction do not form chelate complexes, they have a poor 
affinity for the enzyme and are rapidly released after the peptide bond is 
split. 

It is of great interest that while L amino acids and an acylated dipeptide 
such as carbobenzoxy glycyl-p-phenylalanine are not inhibitors of the 
enzyme, D amino acids do inhibit.” An explanation of this is apparent 
from the structure shown above. The acylated dipeptide which contains 
a D amino acid cannot fit into the structure of the protein in such a manner 
as to combine with the metal and with the two side-chain positions simul- 
taneously. Such a compound will be able to fit the protein structure only 
at the side-chain positions or with the metal. Therefore, the affinity of 
the enzyme for such a compound is very much smaller than the affinity 
for the isomeric compound containing L amino acids. 

To explain the poor affinity of an L amino acid for the enzyme, we must 
suppose that the high affinity of the side-chain positions results in an 
orientation such that the carboxyl group is presented to the metal, as in 
the usual substrate. Since no chelation is possible, the affinity is low. 
However, with the D amino acid we can assume that when the side-chain 
position is fixed, the molecule is orientated so that the amino group can 
combine with the metal. This will resemble the high affinity combination 
found with the dipeptide, and we can expect that dipeptides of appropriate 
configuration will be strong competitive inhibitors. The following 
diagrams illustrate this explanation: 
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Hydrolysis of the Peptide Bond.—It is apparent from what has already 
been presented that the present hypothesis is a form of the “strain or de- 
formation theory”’ first introduced into physical chemistry many years 
ago. It is now possible to make an experimental approach to the mech- 
anism of certain enzymatic reactions because enough is known con- 
cerning the binding properties of metals for the possible substrates of these 
enzymes. If the present theory is correct, then the decreased energy of 
activation of the peptide bond is produced by the attraction of electrons 
by the metal, through its combination with the protein, while the protein 
centers which attract or bind R’ and R” serve to orient the substrate and 
fix it into position so that the strong electronic attraction of the metal 
produces an electronic deformation. The simplest explanation of the 
resulting hydrolysis of the peptide bond is that it is due to the usual 
hydrogen and/or hydroxyl ion catalytic effects. These ions, at high con- 
centrations, do catalyze the scission of peptide bonds. At pH values near 
neutrality their effect is negligible, but with a greatly modified bond at 
which the electronic positions are altered requiring a low energy of activa- 
tion, the reaction velocity becomes appreciable. The pH activity function 
of the enzyme gives no hint of this because it is a summation of these and 
other factors: ionization of the substrate, complexing of metal and sub- 
strate, ionic forces within the protein which help to determine the side- 
chain affinities, and the stability of the protein itself. A portion of 
this may be evaluated by the change in the pH activity curve which 
results when different metals are substituted with the same enzyme. 
This was first described by Hellerman and Stock for arginase.*° The 
same effect has now been found for a peptidase, carnosinase,!! which is 
active with either Mn++ or Zn*+* but where the resulting pH curves are 
different. 


There is considerable evidence which indicates that an ionic catalysis 
is involved in the peptide bond hydrolysis. This is shown by the tre- 
mendous influence on the sensitivity of the peptide bond of the strength 
of the acid which is combined at the sensitive linkage. This effect is now 
being studied quantitatively and in considerable detail. Qualitatively, 
the effect is already known although the facts have not previously been 
interpreted in this manner. For example, chloroacetylamino acids are 
much more sensitive to hydrolysis than acetylamino acids; chloroacetic 
acid is a much stronger acid than acetic acid. Similarly, it was recently 
found that carbobenzoxy 6-alanylamino acids are hydrolyzed much more 
slowly than carbobenzoxyglycylamino acids.*!_ Again it is well known that 
the alpha amino carboxylic acids are much stronger acids than beta amino 
carboxylic acids. It has also been found” that carbobenzoxyamino acids 
are hydrolyzed more slowly than carbobenzoxydipeptides where the same 
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relationship may be expected. These facts are completely in agreement 
with the classical knowledge that the sensitivity to hydrolysis of esters 
and amides is proportional to the strength of the acids which are linked 
in these compounds. 


The preceding discussion has dealt so far with a dipeptidase and a car- 
boxypeptidase. With an aminopeptidase, the metal binding must be 
similar to that in the dipeptidase. With leucine aminopeptidase, either 
Mg** or Mn** can function as the metal. The complex will then form 
with the free amino group and with the amide nitrogen. The side chain, 
R, is bound directly by the protein. The diagram illustrates the type of 


ee 
O NH: 


complex to be expected, and the resulting action would be the same as 
that already discussed. 


The present hypothesis of peptidase action appears to be directly 
applicable to a vast number of enzymatic reactions. Kornberg, Ochoa, 
and Mehler** have shown that in some instances 6-keto acids form unstable 
complexes with metal ions which result in decarboxylation. Here the 
electronic deformation is sufficient to permit the ionic catalysis to proceed. 
In other cases, the metal forms a stable complex with the keto acid; 
addition of the specific protein then leads to decarboxylation. All of these 
complexes are observed spectroscopically, and as with the peptidases, the 
complexes must be of chelate character. These investigators have sug- 
gested that the role of the enzyme in oxalosuccinic decarboxylation is to 
catalyze the formation of the substrate-Mn*+*+ complex. According to 
our hypothesis, the metal-substrate complex is bound to protein in such a 
manner as to produce an electronic deformation at the sensitive bond. 
The real catalysis is then an acid or base catalysis by the mechanism 
proposed by Bronsted. It is striking that acylated amino acids or peptides 
are also keto acids and that while the metal combination is similar to that 
in the 6-keto acids, the resulting enzymatic action on the compound is quite 
different. 


Perhaps the simplest example of our theory concerns its application to 
carbonic anhydrase, a zinc enzyme.** The probable substrate at neutral 
pH values is bicarbonate ion. Two of the four possible bonds of zine are 
with the protein; the other two must bind with the bicarbonate to fornra 
complex as shown below: 
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Acid or base catalysis at the sensitive point, indicated by the broken line, 
causes the decomposition of the compound which results in weaker linkages 
with the zinc; now one bond will be loosely combined with CO, and the 
other with hydroxyl ion. Since the action of carbonic anhydrase is re- 
versible, this must be the binding that leads to the formation of bicarbonate 
ion. It should be recalled that zinc forms an extremely insoluble (poorly 
ionized) carbonate, as well as a subcarbonate which contains hydroxyl 
groups. Thus, these linkages are identical with those postulated for the 
enzyme-substrate complex. 

Extension of this hypothesis to other types of metal-enzyme reactions 
is obvious and will not be pursued at this time. The present theory may, 
of course, be partially or completely incorrect. However, it is felt that it 
does have the merit of being subject to further experimental test. More- 
over, it provides the first comprehensive explanation for many previously 
unexplained and apparently unrelated observations. It certainly helps 
to move much that has been mysterious in enzymatic reactions into the 
sphere of ordinary catalytic mechanisms, and may serve to elucidate the 
mechanism of certain non-enzymatic reactions also. However, the role 
of the protein in determining most of the enzymatic specificity remains a 
problem for the future. 


* Supported by a grant from the United States Public Health Service. 
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FURTHER EXPERIMENTS WITH VITAMIN A IN RELATION 
TO AGING AND TO LENGTH OF LIFE* 


By Henry C. SHERMAN AND HELEN YARMOLINSKY TRUPP 
DEPARTMENT OF CHEMISTRY, COLUMBIA UNIVERSITY 
Communicated December 17, 1948 


Previous work in this department! has shown that, when a minimal- 
adequate allowance of vitamin A was doubled, the length of life of the ex- 
perimental animals (rats) was significantly increased: males, about 5 per 
cent; and females, about 10 per cent. These females showed, in the same 
experiments, an increase of about 17 per cent in the duration of reproductive 
life—an objective criterion sometimes taken as symbolizing “‘prime of 
life’”’ or “length of useful life.” 

TABLE 1 
INFLUENCE OF VITAMIN A VALUE OF Foop UPON AGING AND LENGTH OF LIFE OF Rats: 
NUMBER OF CASES IN EACH AVERAGE (_ ) 
ON viet 361, ON DIET 361, ON DIET 362, 
12 1. v./G., 121. v./G., 241. u./G., 
1942-1948 1945-1948 1945-1948 

Reproductive life of females (72) 378 days (36) 387 days (36) 292 days 
Length of life: 

Of females (72) 812 days (36) 794 days (36) 777 days 

Of males (48) 720 days (24) 716 days (24) 647 days 


In those experiments the amount of vitamin A fed as minimal-adequate 
was 3 I. U. per gram of air-dry food mixture, or about 0.8 I. U. per calorie. 
Both at the 3 I. U. and at the 6 I. U. level the numbers of cases (over 100 
males and over 150 females) were large enough to be conclusive. A 
smaller number of experiments suggested that an intake level of 12 I. U. 
per gram might be still more beneficial. 
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The present paper reports results of further experiments at 12 I. U., and 
also parallel experiments at the still higher level of 24 I. U. per gram of 
air-dry food 

The numerical data are summarized in table 1, in which the first column 
of figures shows the combined results of both the 1942-1945 and the 1945- 
1948 series at the level of 12 I. U. per gram (Diet 361). As the data of these 
two series are in good agreement, their combined averages constitute the 
most conclusive evidence for this level of feeding, and link the present 
series with those published in these PROCEEDINGs in 1945.! 

The second and third columns of figures in the present table 1 summarize 
the data of the side-by-side comparisons of Diet 361 with 12 I. U., and Diet 
362 with twice as much vitamin A per gram. Thus, without repetition of 
data, the findings of the two series are so linked as to permit numerical 
comparisons of the final respective averages at the four levels studied, 
namely, 3, 6, 12 and 24 I. U. per gram of air-dry food. Such combination 
and comparison of the 1942-1945 and the 1945-1948 data of this laboratory 
show that: 

(1) The intake level of 3 I. U. of vitamin A per gram of dry food, or 
about 0.8 I. U. per calorie, meets a standard of minimal adequacy. Human 
subjects have subsisted at such levels for many months without showing 
signs of deficiency, and a laboratory rat family is thriving in the 67th gener- 
ation at this level. 

(2) Yet while such a level of vitamin A intake thus clearly meets a 
certain minimal standard of adequacy it does not, in the long-term test of a 
lifetime, support the optimal life history of which the individual is capable, 
for with double the allowance (rats on Diet 360, with 6 I. U. of vitamin A 
per gram of dry food) the length of life was increased about 5 per cent in 
males and about 10 per cent in females. 

(3) On again doubling the level of intake of vitamin A there was again a 
measurably increased benefit making the averages compared with those of 
the 3 I. U. level, an increase in length of life of about 10 per cent in males 
and about 12 per cent in females. 

(4) At both the 6 I. U. and the 12 I. U. levels, reproductive life in the 
females—the best strictly objective measurement we know by which to 
symbolize the postponement of aging or increase of “‘useful’’ life—was in- 
creased in larger proportion than the length of life itself. Obviously the 
newer knowledge of nutrition is still too young to have made similarly con- 
trolled studies of entire lives of human subjects, but what we know of the 
chemistry of the nutrition of the human and rat species makes it probable 
that the same principle applies and that increasing liberality of intake of 
vitamin A brings increasing benefit to nutritional well-being and length of 
life up to higher levels than previously supposed. 

(5) As judged by sufficiently long-term and closely controlled experi- 
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ments, optimal intakes of vitamin A appear to be at least three to four 
times as high as the levels of minimal adequacy sometimes accepted. 
Doubtless, too, optimal level of intake is less a point than a plateau. Thus 
in the experiments here discussed, the plateau of optimal nutritional re- 
sponse extended from somewhere between 6 and 12 I. U. to somewhere 
between 12 and 24 I. U. per gram of food. 

(6) At some points, but not all, the responses were less favorable in the 
animals fed at the 24 I. U., than in those fed at the 12 I. U., per gram, level 
of intake of vitamin A. 

Fuller comparisons of the nutritional responses to the 12 and the 241. U. 
per gram levels may best be taken up in connection with a more detailed 
presentation of the data elsewhere. 

* Aided by grants from The Nutrition Foundation, Inc., to Columbia University. 

1 Sherman, H. C., Campbell, H. L., Udiljak, M., and Yarmolinsky, H., Proc. 
Nat. Acap. Scr., 31, 107 (1945). 


ON DIFFERENCE SETS 
By S. CHOWLA 
INSTITUTE FOR ADVANCED STUDY, PRINCETON, NEW JERSEY 
Communicated by Oswald Veblen, December 5, 1948 


It is known that the existence of m + 1 integers (called a perfect dif- 
ference set of order m + 1) di, do, ..., dm41 Such that the congruence 
d; — d; = n(mod m*? + m + 1) has exactly one solution for every n # 
O(mod m? + m + 1), leads to the construction of a finite projective plane 
with m + 1 points on a line. All known cases of such planes have m = 
p’, where p is a prime and g is a positive integer. It seems natural to 
conjecture that a perfect difference set of order m + 1 can exist only if 
m is a power of a prime. Only recently Bruck and Ryser (Bull. Am. 
Math. Soc.) announced the startling result that there exists no finite 
projective plane with m + 1 points on a line whenever m = | or 2(mod 4), 
provided m is divisible by a prime 4k + 3 to an odd power. It follows 
from their result that for such values of m there exists no perfect difference 
set (P.D.S.) or order m + 1. Moreover Singer proved the existence of 
a P.D.S. of order m + 1, whenever m = p*. 

In this paper I obtain some (but not all) assertions on the non-existence 
of perfect difference sets implied by the results of Bruck and Ryser. I 
also obtain some results not implied by their work. For example, I 
prove that there exists no P.D.S. of order m + 1 when m = 10 or 159. 

We introduce the idea of a difference set (D.S.) of m numbers (mod g). 
We call the set of m numbers d, dz, ..., dm a difference set (mod g) if 
the congruence d; — d; n(mod g) has the same number of solutions 
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{which must be m(m — 1)/(g — 1)] for every n # O(mod g). The set of 
5 numbers 1, 3, 4, 5, 9 furnishes an example of a D.S. of 5 numbers (mod 11). 
Again the set of 4 numbers 0, 1, 3, 9 forms a D.S. (mod 13). [This set 
occurs in Veblen and Bussey, 7vans. Am. Math. Soc., 1906, and is used to 
generate a finite projective plane with 4 points on a line. ] 

We now prove 

THEOREM 1. Let m and g be positive integers such that m(m — 1) = 
O(mod g — 1). Write? =m — m(m — 1)/(g— 1). Let g contain a prime 
factor \ = 3(mod 4) such that — is a quadratic non-residue of some prime 
factor } of 0, where > occurs in 6 to an odd power. Then there exists no D.S. 
of m numbers (mod g). 

Proof: If possible let there exist a D.S. of m numbers (mod g), say the 
numbers d;, do, ..., dm. Consider the sum 


m 


S = p%, 
j=1 


where p = exp (2m7/X\). Clearly S is an algebraic integer of the field 
K(p). Further, since the d's form a difference set (mod g), we have 
m(m — 1) . 


SS = m+ iptpeet+p+...+p*} 
(g — 1) 


m(m — 1) 
= 6, 
(g — 1) 


SS = 0 (1) 


Now it is implicit in the theory of cyclotomy (as developed by Gauss) 
that the norm of S in the field generated by p is an integer of the form 
(u? + dv?)/4, where u and v are integers (we here use the fact that Xd is 
of the form 4k + 3). On the other hand it follows from (1) that this 
norm is also equal to 0° ~ '/?. Hence we have 
u2 + rv? = 4.9% — D? 

Since (A — 1)/2 is odd, it follows from the last equation that — A isa 
quadratic residue of ¢ contrary to our assumption. Our theorem is 
proved. 

Examples: 1. There exists no P.D.S. of order 7; i.e., there exists no 
D.S. of 7 numbers (mod 43). [Problem proposed by Veblen in Am. Math. 
Monthly, 13, 46 (1906).] 


4: ; 
Proof: Here g = \ = 43,0 =7 — “hae 6; take 6 = 3. Clearly —) is 


a quadratic non-residue of ¢. 
2. There exists no P.D.S. of order 11, i.e., there exists no D.S. of 11 
numbers (mod 111). This result is new. 


Se SEYRET TE 





94 MATHEMATICS: HUA AND VANDIVER Proc. N. A. S. 


Proof: Here g = 111, = 3,6 = 10. Take ¢ = 5. Clearly —Nisa 
quadratic non-residue of ¢. 

3. There exists no P.D.S. of order 22 (Bruck and Ryser), i.e., no D.S. 
of 22 numbers (mod 463). 

Proof: Here g = X = 463, 6 = 22. Take @ = 11. Clearly —Aisa 
quadratic non-residue of ¢. 

4. There exists no P.D.S. of order 160. This result is new. 

Proof: We show that there cannot exist a D.S. of 160 numbers (mod 


1592 re 59 + 1). Since 159? + 159 + 1=0 (mod 19), we may take \ = 
19. Take ¢ = 3 since 6 = 159. Clearly —X is a quadratic non-residue 


of ¢. 


CHARACTERS OVER CERTAIN TYPES OF RINGS WITH 
APPLICATIONS TO THE THEORY OF EQUATIONS IN A 
FINITE FIELD 
By L. K. Hua AnD H. S. VANDIVER 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF ILLINOIS, AND DEPARTMENT OF APPLIED 
MATHEMATICS, UNIVERSITY OF TEXAS 


Communicated December 17, 1948 


Characters, modulo m, have been defined (for example by Landau’) 
and have been employed extensively in Group Theory and Number 
Theory, particularly in some of the most important parts of Analytic 
Number Theory. However, we may define them by means of any ring 
with a unity element and which contains only a finite number of elements 
which are not zero divisors, instead of the special ring consisting of the 
residue classes modulo m, and a number of extensions of known results 
concerning said special case are immediate. We will set up this concept 
and then specialize it for the finite field using results which are then ap- 
plied to the theory of certain equations in a finite field which were con- 
sidered in another paper? by the authors. This type of equation is 

C1X 171  CoXo%2@ + 22. Hsu + Oo,4+1= 0 (1) 
where the a’s are integers such thatO< a< p” —1; s 2 2force,+140 
and s > 2 for c;+1 = 0, the c’s being given elements of a finite field of 
order p”, p prime, which will be designated by F(p”) and 

O88 Ae 3 i (2) 
In the present paper we obtain a new explicit expression for the number 
of solutions of (1) in terms of generalized Lagrange resolvents and (see 


the 7 number defined in Theorem I) and using this we find better limits 
for the number of solutions of (1) than those derived in E, 
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Let R be a ring with a unity element which has the property of con- 
taining only a finite number of elements which are not divisors of zero. 
A set of such elements forms a group. For, since it does not contain zero 
or any divisors of zero, the cancellation holds and a finite semi-group having 
this property is known to be a group. Or, otherwise expressed, these 
elements are units in R. 

Let an arithmetical function x(a) be defined for any element a, of R so 
that 


I. x(a) is a complex number. 

II. x(1) #0. 
III. x(a) = O when a is zero or any divisor of zero. 
IV. Ifa: = ain R, then x(a) = x(a). 

VV. x(aya2) = x(a1)x(a2). 


The arguments employed by Landau! for the special ring formed by the 
residue classes modulo m by which he obtains his Satz 127 to Satz 133 
inclusive may be easily extended to yield the following: 

For each character x we have 


x(1) = 1. (3) 
There is a character designated by x; such that 

x(a) = 1, (3a) 
for each a in R. Let ¢(R) = h be the number of distinct units in R 


We shall call h the indicator® of R. Then since the units u form a group, 
u® = 1 in R, and by I and V, 


x(a) = &"/*, (4) 
forO SO<h. 
We also obtain 
Lemna I. 
= fhforx =x, , 
2 x(a) Yo for x * x,. (5) 


Suppose that we have, if h = 0 (mod &), a character such that (x(a))* = 
1 for each unit a in R, this will be called a special character and designated 
by xx. In particular x, is a special character for any k. 

How let R be a finite field of order p”, p prime, and designate the same by 
F(p"). Let @ be a primitive root of this field, and let 8 be a primitive 
(p" — 1)th root of unity. Then by (4) 
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=~; OS d< p"— 


and since all the elements, ~ 0, of F(p”") are given by powers of 6 then the 
whole character, by V, is given by powers of g°. Now consider x, Then 


x,(6) = p4 (6) 


and by definition of x,, (x(8))* = 8% = 1 which gives d = 0 (mod‘?"~/R). 

It follows from this that there are exactly k special characters, and in 

particular there are / distinct characters defined by R. We now have 
Lemma II. 


(|k for a a kth. power, 


> x(a) = ' 
Xk 


7) 
0 otherwise. oe 
This follows easily from (6) and the remarks following it. 
We also have’ 
Lemma III. Jf ¢ = e7'*/?, then in F(p"), 
ee) = fo for t = 0, (8) 
ck. \p" fort = 0. j 


We now proceed to® 
THEOREM I. The number of solutions N of (1) with the restriction (2) ts 


i ye. 
P P 


where 


= i II =. XK (a —ig4 )7 (Xx )giries + 1). 


aek it=1 Xkt 
a#0 
-tr(b) 
T(Xxi) = UXn (5)§ 


and k, = (a, p" — 1). Also K stands for F(p"). 


To prove this we note that 


‘oral 
= z, 


laid 
X 


G(x) => x2" + C2X3 - + tgs + cox" te Cst+i1- 
First it is known that the number of solutions of (1) and the number of 
solutions of G(x) = 0 are the same if (p” — 1, a;) = k;. Also when we carry 


out the summation in (9a) for the x;,’s all the terms are unity when we 
have a set of x’s which satisfy G(x) = O with the restriction (2) and when 


vito wcities eg 
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we sum with respect to a we obtain p” according to Lemma III, but when 
we have a set of x;,’s such that (1) is not satisfied then by the same lemma 
the sum with respect to a gives zero. (The relation (15) in E, p. 261, 
is a transformation of (9).) In the right-hand member, if we separate 
the zero and non-zero values of a, we obtain from (9), 


oe eee 


N 
p" 


T 
+ 7”? (10 
> ) 


+tr(aG(x)) 
$ 


Now employing Lemma II, 


cxk wis (y 
Ye om FT a (og 
can yeK x 


= Db xe(c-)r(xz) 
Xk 


and then (10) gives 


T= > II pa Xue (657 * @ (x4, C750), (11) 


aeK i=l Xk 
#0 . 


We now employ (10) and (11) to find limits for VN. We see from (4) 
that for a fixed a 


"3 
IT x,y(a) = x,(a), (11a) 
i= 1 
for some v. Also it is known® (p. 152) that 
In| = 0", x FX} (11b) 
Ir(x,)| = 1. 
If we write by (lla), 
We x4,(a-') = x(a); 
$=] 
2 x(acs+ ig" = x(er$ 1) 2X x(agnn = x(¢s41)7(x); 6410, 


and employ (11) and (11b) noting that there are k characters x,, and that 
X, 1S a Xe, 
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[7] $ HY |xn(e~) [lrGol +Ga) 


[7 < 1a + (ki — De"). (12) 


Let us now suppose that c;;, = 0. Then we have (s+) = 1 in (11) 
and 

Lua) sr - 1 

aeK 

a#0 


and then 
IT) s@*-) Y A+&- 09”) 


i=1 


Hence (10) gives for c, +, ¥ 0, 


| me 1 s $s a " 
w-2 oN s nat+m-ve—™, 
i=l 


p | 


and forc,,, = 0, 


oo ie e. 1 s " 
~£ 2) se 2 a ae (kj —- 1p"). (15) 


N n = n 
p p i=1 


Whence we have 
THEOREM II. Jf N is the number of solutions of (1) under the condition 
(2), then for c,41 4 O, (p” — 1, a;) = Ry 


(p* — 1)’ (p" — 1)° 
‘p - ~ pete =. + 16 
? P (16) 
and for c,4+1 = 9, 


(p" — 1) (p" — 1) 
ni Aerts AE 
1 rs aie a 


D = p-"? II (1+ (& — 1) ””), 


t=1 


s 


II (1 + (k&; — 1) p””). 


=1 


ieee. 


From the above theorem we infer immediately that 


, (p” a Dy ; “2 
N =! + 0p 2? ), 
p (p ) 


where v = 1 or Oaccording asc, 4, # Oorce,4, = 0. 
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If we consider (1) without the restriction x1, x, ... x, # 0, we may find 
limits for the number of solutions by considering one or more of the c’s 
in (1) as being zero in turn and employ for each of the resulting equations 
the limits (16) and (17) and adding the results we obtain inferior and 
superior limits of somewhat the same type as (16) and (17) and in par- 
ticular we infer that if N,; is said number then 


NM, “- pr — 1) + O(p™ = %)/2). (19) 
v having the same meaning as in (18). 


1 Vorlesungen tiber Zahlentheorie, Leipzig, Hirzel, 1927, Bd. I, 83-87. Cf. also Dick- 
son, Modern Elementary Theory of Numbers, University of Chicago Press, 1939, pp. 272- 
276. 

2 These PROCEEDINGS, 34, 258-263 (1948). This article will be referred to as E. 
Characters defined by a general finite field have been considered by a number of writers. 
Cf. the paper referred to in our footnote 5 below and the references given therein as 
well as Davenport, Acta Mathematica, 71, 99-121 (1939). 

3’ This term is employed for the reason that the special R consisting of the residue 
classes modulo m, our units correspond to the integers less than m and prime to it. 

4 In this paper we are using the symbols 1 and 0 both for the unity and zero elements 
in the complex field and the unity and zero elements in R. This should not cause con- 
fusion if we keep in mind that x(a) is always the complex field while @ is always in R. 

§ This was proved for n < p in E, and the argument employed there may be extended 
to the case m 2 p. However, the result was previously known in general, in fact it 
follows from the results in Stickelberger, Math. Annalen, 37, 321 (1890), § 1, paragraph 
5, since any finite field may be represented by a complete set of residue classes with 
respect to a prime ideal modulus in an algebraic field. 

6 Davenport and Hasse, J. f. Math. (Crelle), 172, 151-174 (1935) found, for the case 
s = 2a formula related to our (10). See their relation (6.2), p. 173, and the value of 
N given at the top of p. 174. Their result will be discussed in a future paper by the 
authors. 


BAYES SOLUTIONS OF SEQUENTIAL DECISION PROBLEMS 


By A. WALD AND J. WOLFOWITZ 
CoLuMBIA UNIVERSITY 
Communicated by P. A. Smith, December 21, 1948 


The foundations of a general theory of sequential decision functions 
were described by one of the authors in a paper! whose terminology and 
general notation will be adopted in this communication. In the present 
note we continue in some respects the work initiated by the authors in 
their paper? on the sequential probability ratio test. 

Let {Xi} be a sequence of independent, identically distributed chance 
variables which are either discrete or absolutely continuous. In either 
case let p(a F) denote the probability function or the probability density 
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function, as the case may be, at the point a, where F is the distribution 
function of X. Let x represent the infinite sequence of observations 
X1, X2, ...,d@ = D(x) be a decision function with elements in the space D*, 
and W/(F, d) be the weight function. The regularity conditions which 
insure the existence of the integrals in (1), (2) and (3) will, for reasons 


of brevity, not be given in the present note. It is assumed that Min 
d 


W(é, d|), defined in (3) below, exists. Let n(x, D) be the sample number 
function, and £ a probability measure on the space 2 of admissible dis- 
tribution functions F. We shall assume a constant cost c per observation. 
Without loss of generality we may takec = 1. The risk function r(F, D) 
is defined by 


r(F, D) = SyW(F, [D(x)])dF*(x) + Sun(x, D)dF*(x), (1) 


where M is the space of sequences x, and F* is the probability measure in- 
duced on it by the distribution function F. Finally we define 


r(é, D) = Sar(F, D)dé 
and 
WE, d) = JQW(F, d)dé. 
We shall say that the decision function Do is a Bayes solution relative 
to the a priori distribution ¢ if 
r(é, Do) < r(é, D) (4) 
for all admissible functions D(x). 


For any probability measure £ on &, one of the following three conditions 
must hold: 


(1) Min W(é, d) < r(é, D) 
d 


for any D for which n(x, D) > 1 


(2) Min IW(é, d) < r(é, D) for all D for which n(x, D) > 1 
da 


with the equality sign valid for at least one D with n(x, D) > 1 


(3) There exists a D with n(x, D) > 1 such that 
Min W(é, d) > r(é, D). 
d 


We shall say that a probability measure £ is of type 1, 2 or 3, according as 
it satisfies condition 1, 2 or 3. 

Let w be a measurable subset of 2. Its a posteriori probability, given 
X, = x,t = 1, ..., m, and given that £ is the a priori probability dis- 
tribution, is 
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m 
Si Tl p(xi| F)dé 
pu(wlt, x, ..., Xm) = —=+——_-- (5) 
So had b(x1| F)dé 
ae 
Since this @ posteriori probability is a probability measure on Q it must be 
one of the three types defined above. 
THEOREM 1. A necessary and sufficient condition for a decision function 
d = D(x) to be a Bayes solution relative to a given a priori distribution & 
is that the following three relations be fulfilled for any sample point x, except 
perhaps on a set whose probability measure is zero when & is the a priori 
distribution on Q: 
(a) For any m < n(x, Do) the a posteriori distribution Pm(wl fo, a 
Xm) is either of type 2 or of type 3. 
(b) Form = n(x, Do), the a posteriori distribution Pm(w| fo, ee 
is either of type 1 or of type 2. 
(c) For m = n(x, Do) we have 


Min W(E(x1, ...,X%m),@) = W(E(x1, .. ., Xm), D(x)), (6) 
d 


where £(x1, ... Xm) is an @ priori distribution which is also the @ posteriori 
distribution corresponding to £, x1, ..., Xm. 

A class of probability measures ~ on will be said to be convex if, for 
any two elements & and & in the class and for any positive value \ < 1, 
the probability measure & = Ag, + (1 — A)f is an element of the class. 
For any element dy of D* let C(z, do) denote the class of probability meas- 
ures £ of type 7(7 = 1, 2, 3) for which 

W(é, do) = Min W(é, d). (7) 
d 

THEOREM 2. Let d be any element of D*. The class C(1, d) and the set 
theoretic sum C(d) of C(1, d) and C(2, d) are both convex. 

We shall say that a set Z of probability measures £ on Q is a linear mani- 
fold if, for any real value a and any two elements £, and & of L, & = a& + 
(1 — a@)& is an element of L if it is a probability measure onQ. The linear 
manifold L will be said to be tangent to C(d) if (a) the intersection of L 
and C(2, d) is not empty (0) the intersection of ZL and C(1, d) is empty. 
For any decision function D(x) and for any element d of D*, let L(D, d) 
denote the linear manifold consisting of all which satisfy 


W(é, d) = r(é, D). (8) - 


THEOREM 3. Let & be an element of C(2, d) and let Do(x) be a decision 
function which requires at least one observation and 1s such that W(, d) = 
r(t, Do). Then the linear manifold L(Dg, d) is tangent to C(d). 
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Detailed applications of the above results to the interesting special 
case when both 2 and D* contain a finite number of elements have been 
made by the authors and will be reported in detail elsewhere, together 
with proofs of the above theorems and other results. The convexity 
properties of the sets C in this case were described by one of the authors 
(Wald) in his invited address given at the Berkeley, California, meeting of 
the Institute of Mathematical Statistics, June 22, 1948. 

1 Wald, Abraham, ‘‘Foundations of a General Theory of Sequential Decision Func- 
tions,’’ Econometrica, 15 (4), 279-313 (October, 1947). 

2 Wald, A., and Wolfowitz, J., “Optimum Character of the Sequential Probability 
Ratio Test,”’ Ann. Math. Stat., XIX (3), 326-339 (September, 1948). 


PHARMACOLOGICAL MODIFICATION OF RESISTANCE TO 
RADIATION—A PRELIMINARY REPORT 


By JoHN B. GRAHAM AND RuTH M. GRAHAM 


FROM THE VINCENT MEMORIAL LABORATORY, VINCENT MEMORIAL HOSPITAL (THE 
GYNECOLOGICAL SERVICE), MASSACHUSETTS GENERAL HOSPITAL, BOSTON, 
MASSACHUSETTS 


Communicated by Eric G. Ball, December 30, 1948 


It has always been assumed that an individual’s response to ionizing 
radiation is an unchanging and unalterable characteristic. We believe 
thisassumption iserroneous. The curability of cancer patients by roentgen 
or radium therapy has been ascribed to the radiosensitivity of the tumor it- 
self. Repeated attempts to correlate the type of tumor and its sensitivity 
to radiation, for the most part have been inconclusive. It is our impression 
that the response of the normal tissue is at least as important as that of 
the tumor cell. In 1947, one of us! reported a study of 73 cases of car- 
cinoma of the cervix treated by x-radiation and radium. These cases in- 
cluded all stages of disease and histologically the tumors were either 
squamous or adenocarcinoma. Vaginal smears were taken on the patients 
during or immediately following their course of treatment and examined 
for cytological evidence of radiation. Thirty-six showed marked radiation 
changes in both normal and malignant cells and thirty-seven showed little 
ornoresponse. Eighty-five per cent of those patients whose smears showed 
radiation reaction in both normal and malignant cells were ‘‘cured.”” On 
the other hand, in that group whose smears showed little or no response, 
97%, died or had recurrent tumor. We feel that this is evidence to sub- 
stantiate the importance of changes in the normal cells, since in the poor 
response group even though the malignant cells disappeared from the 
smear, if the normal cells showed no radiation response the outcome was 
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poor. The important feature of this observation seems to be that the 
response to radiation as far as cure is concerned rests not only upon the 
character of the tumor cell but also depends upon an unknown factor in 
the non-neoplastic tissue as indicated by the observed changes in the normal 
cells. The mere disappearance of the tumor cells from the smear may not 
indicate whether or not the tumor is controlled, but the study of the changes 
in the normal cells appears to be a reliable index of the probability of a 
cure. 

Both animals and man show great variation in their ability to withstand 
total body radiation.” * In animals, that diversity may be observed not 
only in mortality figures but in the cellular response as well. Swiss mice 
weighing 18-25 g. were subjected to varying amounts of total body radia- 
tion from 400 to 600 r at 200 kv. Vaginal smears were done on female 
mice and oral smears on males to determine their cellular response. Table 1 


TABLE 1 


MortTAatity RATE AND CELLULAR RESPONSE IN INCREASING Doses oF ToTtaL Bopy 
RADIATION IN Swiss MICE 
PER CENT 
PERCENTAGE OF ANIMALS 
MORTALITY SHOWING 
AMOUNT OF NO. OF AT CELLULAR 
X-RAY ? ANIMALS 40 pays RESPONSE* 
400 r 230 21 Not donef 


220 28 25 


500 r 50 16 Not donet 
70 26 44 
550 r 128 50 88 
f 162 73 90 
600 r m 35 100 Not done 
f 35 100 * Not done 


* Cytological study was not performed on every animal but a significant sample 
was made of each group. 

t Males were not studied in the initial phase of the work because of technical dif- 
ficulty with oral secretions. 


shows both radiation response and mortality figures in male and female 
mice treated with increasing amounts of radiation. There is a direct cor- 
relation between cellular response and mortality. Not all animals die 
which show radiation response but, more important, with only a rare ex- 
ception, all mice survive which do not show radiation changes. 

This demonstrates that animals as well as man vary in their sensitivity 
to radiation and that this sensitivity may be gauged by a study of normal 
cell reaction. The importance of this observation has two possible clinical 
implications provided methods could be found to modify this native sensi- 
tivity. Treatment which would raise the resistance might prove of value 
in protecting individuals from total body radiation, while substances which 
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lowered the resistance to radiation might prove useful in the treatment of 
patients with carcinoma. 

Hektoen and others have reported that foreign protein* ° and estrogens® 
administered parenterally 9-10 days before x-ray treatment diminish the 
effect of radiation. Desoxycorticosterone has also been listed as protective 
in this regard but no dose or time of administration is given.” 


TABLE 2 


Morta.ity RATE IN Swiss Mice TREATED BEFORE OR AFTER 400 R RADIATION (200 
Kv.) ° 
TIME OF 
ADMINISTRATION 
10 pays IMMEDIATELY MORTALITY 
BEFORE AFTER NO. OF AT 40 DAYS 
SUBSTANCE DOSE X-RAY X-RAY SE) ANIMALS IN % 


Controls (radiated) mite S oes 230 21 
220 28 

Horse serum (1) 5 ce. iF 25 0 
0 


O ce. 


Testosterone (2) 25 mg. 
propionate in oil 


to ty ty 


25 mg. 


~) 


wt 


Estradiol benzoate 083 mg. 6 


in oil (2) 


—_ © 


32 
48 
Stilbestrol in oil (3) 0.1 mg. x ms ¢ 82 
42 

0.1 mg. ; x 5 8 

33 
16 
20 


52 


083 mg. 


Desoxycorticoster- 0.1 mg. 
one in oil 
0.1 mg. 


bo ty to ty 


ut 


52 


* Controls: 20 mice injected with each substance, not radiated. 2 mice dead at 40 
days. Mort. 2%. 100 mice not injected, not radiated. 1 mouse dead at 40 days. 
Mort. 1%. 

Notes: (1) Supplied by Mass. State Antitoxin Laboratory. (2) Supplied by 
Schering Corp., Bloomfield, N. J. (8) Supplied by Burroughs & Wellcome, New 
York, N. Y. 


We have administered a variety of steroid substances and foreign protein 
intraperitoneally to mice 10 days before or immediately after total body 
radiation. Table 2 shows mortality figures in male and female Swiss mice 
given 400 r total body radiation at 200 kv. and the modification of this 
mortality rate by the administratis> of foreign protein, testesterone pro- 
prionate, estradiol benzoate, stilbestrol and desoxycorticosterone. It is 
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obvious that there is a distinct variation between thé sexes, especially 
marked in the stilbestrol pretreated group. The time of administration is 
important. Different effects are encountered depending on whether the 
substance was injected 10 days before or immediately after radiation, e.g., 
the groups injected with horse serum. With the limited number of animals 
employed only the more striking differences are regarded as significant. 
For this reason in later experiments both total body weights of the animals 
and the cytological response have been included in our evaluation. This is 
shown in table 3 which shows comparable data in a small series of animals 
treated before radiation with two different substances, foreign protein and 
desoxycorticosterone. In these two experiments weights of animals and 
the cytological effect of radiation were taken into consideration as well as 
the mortality figures. In animals treated with desoxycorticosterone the 
death rate affords scant evidence of any change in sensitivity to radiation 
since an equal percentage of animals died as in the control radiated group. 
However, when both weights and cytological evidence of radiation are con- 
TABLE 3 
EFFECT OF TREATMENT WITH Horse SERUM (0.5 Cc.) oR DESOXYCORTICOSTERONE 
(0.1 Mc.) 10 Days BEFORE RapIATION (400 R) IN FEMALE Swiss MICE 


DESOXYCOR- RADIATED 
PROTEIN TICOSTERONE CONTROLS 


No. of mice 12 12 : 8 
Mortality at 40 days 0 20% 20% 
Initial body weight not regained at 20 days 1 9 5 


Radiated response as judged by vaginal smear 10 slight 11 marked 4 marked 
2 marked 1 slight 4 slight 


sidered, the animals treated with desoxycorticosterone are found to have 
been extremely sensitive to the radiation administered and the protein 
group highly resistant. The radiated controls fall in the middle group, 
some animals being sensitive, some resistant. We believe that the cytologi- 
cal response may be a useful index in the study of the effects of radiation 
and that by its use finer differences can be observed. It has the additional 
advantage of affording study of cellular response without the sacrifice of an 
animal. 

From these data we conclude that an individual's sensitivity to ionizing 
radiation may be either enhanced or diminished by the administration of 
certain steroids or foreign protein before or after radiation. It is possible 
that this observation may have some bearing on survival from total body 
radiation and on the effectiveness of radiation treatment of cancer. 

This work was performed under the auspices of the Office of Naval 
Research, U. S. Navy. 


We are greatly indebted to Dr. Joe V. Meigs for his aid and encourage- 
ment in this endeavor. We are also indebted to Dr. Milford Schulz of 
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the Radiology Department of the Massachusetts General Hospital for 
the radiation of the experimental animals. 

? Graham, R. M., Surg. Gynec. & Obst., 84, 153-173 (1947). 

? Henshaw, P. S., J. Nat. Cancer Inst., 4, 485-501 (1944). 

3 Larkin, J. C., Am. J. Roentgenol., 55, 525-532 (1946). 

4 Hektoen, L., J. Infect. Dis., 22, 28-33 (1918). 

5 Auer, J., and Witherbee, W. D., J. Exper. Med., 33, 791-813 (1921). 

6 Treadwell, H., Gardner, W. V., and Laurence, J. H., Endocrinology, 32, 161-164 
(19438). 

7 Ellinger, F., Radiology, 50, 234-243 (1948). 


PHYSICAL SYSTEMS OF CURVES IN SPACE* 
By EDWARD KASNER AND JOHN DE CIicco 


DEPARTMENTS OF MATHEMATICS, COLUMBIA UNIVERSITY, NEW YorRK, AND ILLINOIS 
INSTITUTE OF TECHNOLOGY, CHICAGO 


Communicated December 30, 1948 


1. Consider a field of force whose force vector acting at any point, de- 
fined by the position vector r = (x, y, 2), of a given region of space, is F = 
(¢, ¥, x). The rectangular components (¢, ¥, x) depend only on the posi- 
tion of the point, and are assumed to be continuous and to have continuous 
partial derivatives of first and second orders over the given region of space. 
We omit the trivial case where the force vector is identically zero for which 
the trajectories are all straight lines. 

There is no loss in generality in assuming that a particle traveling in this 
field is of unit mass. Dots denote total differentiation with respect to the 
time ¢ and the subscript s denotes total differentiation with respect to the 
arc length. Subscripts x, y, z signify partial differentiation with respect to 
the appropriate variable. 

A system S;, of ~5 curves in the given field of force consists of curves 
along which a constrained motion is possible such that the osculating plane 
at each point contains the force vector F, and the pressure P is proportional 
tothe normalcomponent Nof F. Thus P = kN, where k ¥ —1. 

This is the extension of our previous two-dimensional theory of physical 
systems of curves, outlined in papers published in these PROCEEDINGS 
during the past two years. 

The vector differential equation of a system S;, of ©* space curves is 
k(Fr) . 
ape 


r? 


r=(1+k)F- 


The important special cases of physical interest of asystem S; are 
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(a) dynamical trajectories, k = 0; 

(b) general catenaries, k = 1; 

(c) generalized brachistochrones, k = —2; 
(d) velocity curves, k = ~, 


2. Property I. The osculating planes of all the * curves of a system 
S, which pass through a fixed point, form a pencil of planes with axis in the 
direction of the force vector acting at the point. 

By varying k, it is found that all the ~? curves of all possible systems Sy 
which pass through a given lineal element E, possess the same osculating plane 
and also the same torsion at E. 

The curves of all possible systems S,; which pass through a given point 
and have the same torsion there are ©* in number. Their tangent lines 
through the point generate a quadric cone. By varying the torsion, we ob- 
tain a pencil of quadric cones, all of which contain the force vector F acting 
at the given point, and have the same tangent plane along F. This is the 
osculating plane of the line of force at the given point. 

3. The centers of spherical curvature corresponding to the points of the 
curves of a system S, are given by the vector equation 





v°(F, X rs) — (3 + R)(Frs)(F X 15) 
eS. Rede. alah ra) 2 
ie (1 + & (FF, (2) 


S = , 
where v denotes the speed. 

Property II. The osculating spheres of the ~! curves of a system S, 
passing through a given point in a given direction form a pencil. Their 
centers describe the straight line 


re (S—r) =0, (1 + k)Fy(S — r) — (3 + k)(Fr,) = 0. (3) 

By varying k, the straight lines for all systems S, that correspond by Property 
IT to the lineal element E, forma parallel pencil in the plane normal to E. 

4. Hold the point r = (x, y, 2) fixed and vary the direction 7r;. The 
straight lines (3) of Property II form a congruence 2. If G denotes the 
vector 

G = [F,(S — 1r), Fy (S — rn), Fr (S — 7), (4) 
the congruence 2 may be written in the form 
(S — r). 7, = 0, [((3 + k)F — (14+ &)G]. 7, = 0. (5) 

Property III. The congruence Q is composed of the secants of a twisted 

cubic curve. This cubic I passes through the fixed point in the direction 


of the force vector acting at the given point. 
The vector equation of I is 


8B+k)F-(14+k2)G= (14+) (S—n), (6) 
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where J is an arbitrary scalar. 
5. The locus of the centers of spherical curvature of the ~* curves of a 
system S; touching a given plane at a given point is a quadric surface pass- 
ing through the twisted cubic curve I. 

If risa vector normal to the given plane, the quadric surface is 


(r,S—7r, (1 +2)G — (3+28)F) = 0. (7) 


This quadric surface (7) is a rectangular hyperboloid if and only if the 
corresponding fixed plane contains the curl F = (xy — Wz: — Xz, ¥z — dy) of 
the force vector F = ($, ¥, x) acting at the fixed point. 

A field of force is conservative if and only if every quadric surface (7) 
is a rectangular hyperboloid; or if and only if the three asymptotes of the 
twisted cubic curve I are mutually orthogonal. 

6. The straight line which corresponds according to Property II, to a 
lineal element E belonging to a line of force is parallel to the binormal of the 
line of force. Its perpendicular distance from the given point is (3 + k)/- 
(1 + k) times the radius of curvature of the line of force. 

This is related to the discussion of rest trajectories and the theorem 
about the ratio of 1:3 of curvatures. 

* Presented to the American Mathematical Society, 1949. 

1 Kasner, ‘“‘Differential-Geometric Aspects of Dynamics,’’ Princeton Colloquium 
Lectures, Am. Math. Soc. Publ., (1913, 1934, 1948). 

2 Kasner, ‘‘Dynamical Trajectories: The Motion of a Particle in an Arbitrary Field 
of Force,’’ Trans. Am. Math. Soc., 8, 135-158 (1907). See also a series of papers in 
Trans. Am. Math. Soc.,'7-11 (1906-1910). 

3 Kasner, “Physical Curves,’”’ Proc. Nat. Acad. Sct., 34, 68 (1948). 

4 Kasner and De Cicco, ‘‘Transformation Theory of Physical Curves,” Jbid., 34, 169 
(1948). 

5 De Cicco, ‘‘Constrained Motion upon a Surface under a Generalized Field of Force,” 
Bull. Am. Math. Soc., 53, 993-1001 (1947). 

* Kasner and Mittleman, ‘‘A General Theorem on the Initial Curvatures of Dynami- 
cal Trajectories,” Proc. Nat. Acad. Sci., 28, 48-52 (1942). 


CONJUGATION BETWEEN DOUBLE MONSTERS AND SINGLE 
ANIMALS IN PARAMECIUM BURSARIA* 
By TzE-TUAN CHEN 
DEPARTMENT OF ZOOLOGY, UNIVERSITY OF CALIFORNIA, LoS ANGELES 
Communicated by T. M. Sonneborn, December 11, 1948 


In the cultures of a Canadian clone (Canl8) of Paramecium bursaria, 
double monsters, chains of two animals, occur frequently. When one animal 
has divided, the two daughter animals fail to separate. These two daughter 
animals then develop into the adult form, still connected by a slender proto- 
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plasmic bridge. Typically, each of the two components of the monster 
has a micronucleus and a macronucleus. In the present work these double 
monsters were isolated at various times and mated with the single animals 
of a U.S. clone (McD6).' Nuclear phenomena during such conjugations 
were studied. 

Under proper conditions, when single animals of these two clones are 
mixed, the agglutinative mating reaction occurs immediately and pairs 
are soon formed. This is also true when double monsters of the Canadian 
clone are mixed with single animals of the U.S. clone. A double monster 
may conjugate with one or two (occasionally more) single animals. In 
most cases, one single animal is attached to the anterior component of the 
double monster and at the adoral surface. Nuclear changes occur in all 
conjugants whether the double monster conjugates with one or more single 
animals. : 

In each conjugant group of the most common type, consisting of a double 
monster and a single animal attached to the anterior half of the double 
monster, three micronuclei are present. The single animal contains one, 
the double monster has two—one in the anterior component, the other in 
the posterior component. Nuclear changes occur in all three micronuclei. 
The posterior component of the double monster does not come in contact 
with the single animal, yet the micronucleus in this half undergoes the 
usual nuclear changes. This indicates that the influence of the contact 
between the anterior component and the single animal must have passed to 
the posterior component through the slender protoplasmic bridge. 

The nuclear changes occur at about the same rate as those in ordinary 
conjugating pairs. The conjugants separate at about the same time as they 
would in ordinary conjugation. The nuclear changes among the three 
micronuclei in the conjugant group are usually synchronous. In the 
following paragraphs these nuclear changes and the time relationships of 
stages (at 27°C.) will be described. 

Each micronucleus undergoes three pregamic divisions which are identical 
with those occurring in ordinary conjugating pairs. The first pregamic 
division is a long process involving complicated prophase changes and 
requiring approximately 23 hours for completion. During the first 10 
hours the spindle-shaped micronucleus gradually swells up and becomes 
nearly spherical. The transformation of the micronucleus to a crescent 
begins approximately 12 hours after the onset of conjugation. By the 
sixteenth hour, these crescents have become greatly enlarged and their 
chromatin diffused. By the twentieth hour, the nucleus has rounded up, 
becoming ovoid or spherical, and individual chromosomes are visible. By 
the twenty-second hour, late prophase or metaphase is reached. By the 
twenty-third hour, in most conjugant groups, the anaphase or telophase 
stage is reached; in some, daughter nuclei are formed. Daughter nuclei 
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are similar in size and structure. One degenerates soon after its formation, 
while the other remains to undergo the second pregamic division. 

The second pregamic division occurs 24 or 25 hours after onset of con- 
jugation and is completed in one or two hours. The two resulting nuclei 
are also similar in size and structure. One of them soon degenerates, and 
the remaining one undergoes the third pregamic division. 

The third pregamic division is also consummated in a short time and ends 
approximately 28 hours after the onset of conjugation. Of the two re- 
sulting pronuclei, one is migratory, the other stationary. These two 
pronuclei may also differ in shape. This differentiation of the two pro- 
nuclei takes place in all three individuals of the conjugant group, even 
though the posterior half of the double monster does not mate with any 
animal. Exchange of pronuclei takes place only between the anterior 
half of the double monster and the single animal, the exchange occurs soon 
after the formation of the pronuclei, 28 to 29 hours after the onset of con- 
jugation. But the migratory pronucleus in the posterior half of the double 
monster moves to the vicinity of the mouth region of its cell as if a con- 
jugant were attached to that part of its body. (In some conjugant groups 
a bulge appears at this region.) This fact seems to indicate that the path 
of the migratory pronucleus is predetermined, and confirms my earlier 
finding in conjugation of three animals.* 

No case has been observed in which the migratory pronucleus in the 
posterior half of the double monster breaks through the cell membrane; 
instead, it fuses with the stationary pronucleus in the same half to form a 
synkaryon. Autogamy thus occurs in the posterior half of the double 
monster. 

Three divisions occur in all three synkarya before the conjugants sep- 
arate, as in the case of ordinary conjugating pairs. The first division 
usually occurs 29 to 31 hours after the onset of conjugation. One of the 
two nuclei resulting from this division degenerates. Two further nuclear 
divisions occur at 33 to 36 hours. By the thirty-sixth hour, ex-conjugants 
may be found. 

When the conjugants separate, the ex-conjugant double animal usually 
contains eight nuclei, while the single animal contains four nuclei. Some 
of these nuclei develop into macronuclear anlagen, others become the micro- 
nuclei. The number of nuclei that become macronuclear anlagen is vari- 
able. In most of the ex-conjugant single animals, two (occasionally three) 
of the four nuclei become anlagen. In the ex-conjugant double animals, 
two or four or five of the eight nuclei may develop into anlagen. 

Variation in the number of nuclei developing into anlagen has also been 
found in ordinary conjugation in this species of Paramecium. 

* This work was aided by grants from the Committee for Research in Problems of 
Sex, the NATIONAL RESEARCH CouncIL; from the Joseph Henry Fund of the NATIONAL 
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ACADEMY OF SCIENCES; and from the Permanent Science Fund of the American Academy 
of Arts and Sciences. 

' Both the Canadian and U. S. clones belong to Variety II. The former belongs to 
mating type J; the latter to type K. 

2 Chen, T. T., J. Hered., 31, 185-196 (1940); J. Morph., 79, 125-261 (1946). Wich- 
terman, R., 7urtox News, 26, 2-10 (1948). 

* Chen. 3. Ey ss Vorph , 78, 353-395 (1946). 


THE NATURE OF THE SPECIFICITY OF METHYL GREEN FOR 
CHROMATIN 


By ARvVHUR W. POLLISTER AND CECILIE LEUCHTENBERGER 
DEPARTMENT OF ZOOLOGY, COLUMBIA UNIVERSITY 
Communicated by L, C. Dunn, December 11, 1948 


Of all substances which bulk large in the chemical composition of cellular 
structures, desoxypentose nucleic acid is perhaps the most clearly demon- 
strable by application of cytochemical methods to cells. For each one of the 
three components of nucleotide residues there is a specific method which 
enables the cytologist to visualize it on slides: the purines and pyrimidines 
have natural specific absorption in the ultra-violet spectrum; the Feulgen 
reaction reveals the desoxypentose; and the staining with basic dyes is an 
indication of the orthophosphoric acid component. It is this last specificity 


TABLE 1 
METHYL GREEN STAINING OF CYTOPLASM AND NUCLEI OF EPITHELIAL CELLS OF MOUSE 
LIVER 


NO. OF PART OF CELI MEAN 
EXPERIMENT MEASURED STAIN EXTINCTION 


1 Cytoplasm Methyl green 0.014 + 0.001 
1 Nucleus Methyl green 0.294 + 0.012 
2 Nucleus Methyl green 0.265 + 0.014 
3 Nucleus Methyl green, Pyronin 0.274 + 0.007 


which many histologists might wish to question. It has been generally 


realized, since the chemical properties of nucleic acid became known, that 
for the most part the usual binding of basic dye in histological staining of 
the nucleus must be due to formation of a dye-nucleate salt (see especially 
Michaelis! *). However, to what extent the intensity of basic staining by 
any particular method can be strictly interpreted to indicate relative 
amounts of nucleic acid has not been so clear. It has been shown again and 
again that under the conditions of standard staining procedures the basic 
dyes color many structures that do not contain nucleic acid, and that the 
intensity of the color in chromatin is subject to many influences from both 
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within and without the tissue. In such a situation the only sure way has 
been that of checking the amount of dye-nucleate staining by use of 
specific nucleases, as Brachet* has done. In effect, this makes the problem 
one that can be attacked best by methods of quantitative chemical cytol- 
ogy. The present paper is concerned with demonstration, by photo- 
metric cytological analysis, that one basic dye, methyl green, can be used 


in such a manner that the staining is highly specific for desoxypentose 
nucleic acid, that it is quantitatively related to the amount of nucleic acid 
present, and that it is dependent upon the physical state of the nucle, 


acid. 

Most common histological staining methods do not appear to be as 
highly specific for nucleic acid as has been suggested, for example, by 
Pollister and Ris. With such dyes as Pyronin B, Pyronin Y or Basic 
Fuchsin we have found that there is a considerable residue of stainable 
substance in nuclei and cytoplasm after all nucleic acids and nucleotides 
have been removed chemically, table 2. These dyes also stain heavily 


TABLE 2 
METHYL GREEN AND PYRONIN STAIN BEFORE AND AFTER REMOVAL OF NucLeic ACIDS 
witH Hot TRICHLORACETIC ACID 


METHOD, MATERIAL, BEFORE AFTER 
WAVE-LENGTH MEASURED TRICHLORACERBTIC ACID TRICHLORACETIC ACID 


Methyl green, mouse liver, E25 0.296 = 0.012 0.010 + 0.002 
Pyronin, mouse liver, Esso 0.480 + 0.014 0.110 + 0.004 


such material as thyroid colloid, which, as Caspersson and Gersh® have 
shown photometrically, almost certainly contains no nucleic acid. How- 
ever, as was originally pointed out by Unna,® methyl green seems to be an 
exception in that it stains nothing but chromatin. 

The method of staining which we have used closely follows that of Unna 
and Pappenheim.’ ‘The dye is a National Aniline product, C.I. No. 685, 
Certification No. NG 25, Total Dye Content 93° . Under this Color Index 
Number Conn’ discusses a dye called ethyl green (synonym, methyl 
green) which he says is the ‘‘zine chloride double salt of ethylhexamethyl- 
pararosanilin chlorobromide,’’ molecular weight 653. As received, the 
dye contains a small amount of a violet compound which must be removed, 
for it does not have the specific properties of the green dye. This purifica- 
tion may be carried out just before use by Unna’s method of shaking the 
dye with chloroform, in which the purple component alone ts soluble. The 
purification does not seem to be necessary with Grubler’s Iodine Green, 
presumably a closely related dye, which has the same staining properties as 
methyl green. For use 75 mg. of the purified dye was dissolved in 50 cm. 
of the phenol-alcohol-glycerin solution of Unna-Pappenheim. The pH of 
this solution is about 6.3. The absorption maximum of the dye as de- 
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termined in the Beckmann Spectrophotometer is about 630 my. Paraffin 
sections of vertebrate tissues, fixed in Carnoy’s acetic alcohol (1:3), were 
stained in freshly purified, freshly prepared dye solution for 45 minutes at 
56°C., blotted, then decolorized overnight in tertiary butyl alcohol (or in 
95% ethyl alcohol, when methyl green was used without pyronin). This 
approximates a procedure which Michaelis,? has suggested as most likely 
to leave in the tissue only chemically bound dye. The intensity of stain in 
the cells was estimated by the absorption methods described by Pollister 
and Ris,‘ measuring the transmission of red light isolated from a tungsten 
lamp by a Farrand Interference Filter with a peak transmission at 630 muy. 
The lower extinction values are from partial liver nuclei in 5 yw sections, the 
higher from whole nuclei in 8 » sections. The whole nuclear diameter was 
projected onto the photosensory surface. The extinction values are means 
of a number of measurements, each mean being from a series of nuclei of 
approximately equal diameter. Unstained slides show an absorption 
equivalent to an extinction of 0.010 to 0.030; consequently values in this 
range indicate that there has been no staining reaction. 

When slides have been stained as described above it is apparent at a 
glance that the methyl green stains only chromatin; the amount of color in 
either nucleolus or cytoplasm (table 1) being negligible. For any one type 
of nucleus the amount of dye bound is accurately reproducible, tables 1 and 
2. The mean values for 5 uw sections of nuclei in four different experiments 
ranged from 0.265 to 0.296, the differences not being statistically significant. 
The amount of methyl green staining of chromatin is independent of the 


presence of another dye such as pyronin B (table 1) or basic fuchsin. 


A series of experiments demonstrates what chemical component of the 
chromatin is responsible for this specific binding of methyl green. The 
methyl green is staining the nucleic acid of chromatin, not the protein, for 
after nucleic acid has been removed from the sections by 15 minutes’ treat- 
ment with hot 5° trichloracetic acid (Schneider,’ Pollister and Ris*) the 
chromatin no longer stains to any appreciable extent with methyl green, 
table 2. The methyl green is bound to desoxypentose nucleic acid, not to 
the pentose type; for two hours’ action of ribonuclease on the sections 
has no effect upon the methyl green staining. The mean extinction of ten 
untreated whole nuclei was 0.374 + 0.020 that of ten after enzyme action 
was 0.395 + 0.020, which is not statistically different. In short, the series of 
experiments demonstrates conclusively that, in material which has*been 
fixed in acetic alcohol, purified methyl green is highly specific for desoxypen- 
tose nucleic acid. 

In reproducibility and specificity the methyl green staining is similar to a 
properly controlled Feulgen nucleal reaction (Stowell'®, Di Stefano'’), 
which suggests that the methyl green binding likewise is quantitatively re- 
lated to the amount of desoxypentose nucleic acid in a nucleus. This is 
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further supported by the fact that in diverse normal nuclei, with varying 
amounts of chromatin, the ratio of nucleal-regenerated fuchsin to methyl 
green staining is approximately the same, the ratio of extinctions being not 
far from 1.0. It seems likely that in the case of methyl green we are dealing 
with a chromatin staining which is solely chemical combination of dye and 
nucleic acid, presumably to form a methyl green nucleate salt. 

Among other technical discoveries Unna noted that the methyl green 
staining of chromatin could be markedly reduced by pretreatment of sec- 
tions with boiling water. Photometric measurements demonstrate this 
effect in a striking manner. When sections which have been treated with 
hot water are stained, the methyl green binding does not occur to any 
appreciable extent, table 3. Indeed the methyl green extinction after hot 
water is as weak as on sections from which the nucleic acid has been en- 
tirely removed, table 3; but the explanation of the loss of staining 
after hot water must be quite different, since it can be demonstrated that 
the treatinent has not removed any of the desoxypentose nucleic acid from 
the chromatin (table 3) for: (a) the nucleal reaction is equally intense 
before and after hot water, showing that the,desoxypentose content is un- 
changed; (b) there is no loss of purine or pyrimidine bases from the chro- 
matin, for the 2537 A. absorption is not reduced; and (c) gross analyses 
of liver before and after hot water, which Dr. Gerhardt Schmidt was kind 


PABLE < 


METHOD, MATERIAT BEFORE HOT WATER, AFTER HOT WATER, 
WAVE-LENGTH MEASURED MEAN EXTINCTION MEAN EXTINCTION 


Methyl green, mouse liver, nuclei, Lg; 0.340 + 0.010 0.032 + 0.004 
Feulgen reaction, mouse liver, nuclei, 559 0.427 + 0.014 0.419 + 0.015 
Gross analysis (Schmidt), mouse liver, DNA 

phosphorus per 100 mg. of nitrogen 1.43 mg. 1.44 mg. 
U. V. absorption, cartilage, A mblystoma, Exs, 0.460 0.522 


enough to make for us, show conclusively that the treatment causes no re- 
duction of the phosphoric acid, the third component of the desoxypentose 
nucleic acid. This last is most interesting for it shows that the part of the 
molecule which is presumably most closely related to the binding of the 
basic dye to form: a methyl green nucleate salt is still present after hot 
water in as great gn amount as when the chromatin stained intensely with 
methyl green. The obvious conclusion from these data is that the loss of 
methyl green staining after hot water treatment is a consequence of a 
physical change in the nucleic acid molecule. From results reported by 
Kurnick,'' we can infer that this change is in the nature of a depolymeriza- 
tion. In test-tube experiments Kurnick found that while methyl green 
combined readily with highly polymerized desoxypentose nucleic acid, the 
dye would no longer combine with nucleic acid which had been depoly- 
merized by the enzyme. Pending the results of experiments with the 
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effect of purified thymonucleodepolymerase on tissue sections, it may be 
tentatively concluded that in cytological preparations also the methyl 
green staining of chromatin is dependent upon the presence of desoxypen- 
tose nucleic acid in a highly polymerized state, and that the hot water 
treatment causes depolymerization. If this is actually the effect of the hot 
water, it has not proceeded so far as to degrade the nucleic acid to lower 
acid-soluble polymers, for sections which have been treated first with hot 
water and then subjected to cold trichloracetic acid (after Schneider’) give 
as intense a Feulgen reaction as do untreated controls. 

The more closely the methyl green reaction is examined the more con- 
spicuous do its differences from other types of basic staining appear, and 
one feels impelled to look for special chemical properties of methyl green as 
an explanation. An obvious difference is that unlike all other common 
histological stains the methyl green colored ion carries two positive charges, 
which surely might be expected to give it unique properties as a stain. The 
divalent methyl green ion should have a much greater affinity for acidic 
groups like phosphoric acid than should the monovalent ions of other dyes 
and a priori one should therefore expect that methyl green, alone, would 
stain very strongly all acidic structures, and, when mixed with pyronin, it 
should be much the stronger staining component for acidic material. In 
the staining which has been described above this expected result is realized 
only to a limited extent. Where a structure is stainable with methyl green, 
as chromatin is, then the divalent cation completely predominates over the 
monovalent—that is,-the pyronin exerts no measurable restriction on the 
methyl green reaction. Superimposed upon this readily understandable 
relationship between the two dyes, however, is another influence which 
appears as a sharp restriction of the methyl green reaction to one particular 
acidic component of the cell, the phosphoric acid of the desoxypentose 
nucleic acid. It seems possible that this also may be explained by the 
structure, a biologist is tempted to say the ‘“‘morphology,’’ of the molecule 
of methyl green. Michaelis* has reported that the spectroscopic charac- 
teristics of basic dye bound in tissue staining show conspicuous differences 
from those of the dye-nucleate in test tubes, which are best interpreted as 
evidence of a specific ‘‘fit’’ or structural relationship between the molecules 
of the dye and those of the nucleic acid. It is not difficult to imagine that 
the high specificity of methyl green for highly polymerized desoxypentose 
nucleic acid may be explained in somewhat the same way. 

In the normal tissues the Feulgen-methyl green ratio is fairly constant; 
in other words, there appears to be a definite proportion of the total de- 
soxypentose nucleic acid which is in the physical state suitable for combina- 
tion with methyl green. Any decrease in relative amount of this presum- 


ably highly polymerized nucleic acid should lead to decrease in the methyl 
green reaction and should increase the Feulgen-methyl green ratio, above 
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the normal range about a mean value of 1.0. Thus, if it is combined with a 
parallel study of slides on which the Feulgen reaction has been performed, 
the methyl green staining is potentially an indicator of a physical alteration 
of the desoxypentose nucleic acid molecule. Such changes may be ex- 
pected under many cytological conditions, especially, for example, where 
chromatin is degenerating. We have recently been examining with these 
techniques the pycnotic degeneration that occurs in cells of a tumor im- 
planted into a new host (as originally described by Réssle'*). It is interest- 
ing that the first major change in the chromatin is a decrease in the intensity 
of the methyl green reaction, leading to such Feulgen-methyl green ratios 
as 3: 1 or eventually perhaps as high as 8:1. 


1 Michaelis, L., Einfuehrung in die Farbchemie fuer Histologen, 1910. 

2 Michaelis, L., Cold Spring Harbor Symposia, X11, 131-142 (1947). 

3 Brachet, J., Embryologie Chimique, Masson et Cie., 1944. 

‘ Pollister, A. W., and Ris, H., Cold Spring Harbor Symposia, XII, 147-157 (1947). 
5 Caspersson, T., and Gersh, I., Amat. Rec., 78, 303-321 (1940). 

6 Unna, P. G., Histochemie der Haut, 1928. 

7Unna, P. G., Enzyk. Mik. Tech., (1910). 

’ Conn, H. J., Biological Stains, (1946). 

® Schneider, W. C., J. Biol. Chem., 161, 293-303 (1945). 

1 Stowell, R. E., Stain Tech., 20, 45-48 (1945). 

11 Di Stefano, H. S., Proc. Nat. Acap. Scr., 34, 75-80 (1948). 
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ERRATUM 
In Section 4 of our paper “Some Properties of Rotational Flow of a 
Perfect Gas,’’ March, 1948 (concerning Massotti Flow) the statement near 
the middle of the Section, that the vorticity equation 
® X curl @ 
curl k yee =] = 0 


en? 


ce 


is automatically satisfied, is incorrect and invalidates the remainder of the 


Section. 
Actually, it is easily seen that this equation introduces the additional 


restriction that 
oe ($2) — 
| iReco| Vime —{—]) = f(z)g(x, y 
(* ~ F(2)g(x, ¥) 


where f and g are arbitrary functions. This restriction limits the solutions 
known at present to those for which w? = const. 
P. NEMENYI AND R. PRIM 
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